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A B S T R A C T
A range of ex situ and in situ analytical techniques were applied to gain insights into the formation and properties
of the pre-formed Mefp-1 film on magnesium-1.0 wt.% calcium (Mg-1.0Ca) alloy. The results revealed that the
Mefp-1 film pre-formed at pH 4.6 shows a net-like structure, whereas it is more packed at pH 8.5. in situ scanning
micro-reference electrode technique results demonstrated the Mefp-1 films formed at both pH can effectively
inhibit the localised corrosion of Mg-1.0Ca alloy. Moreover, the film pre-formed at pH 4.6 provides an increasing
corrosion inhibition to Mg-1.0Ca alloy during 7 days of exposure.
1. Introduction
Magnesium (Mg) alloys as biodegradable metallic materials, used
for bone screws, plates and blood vessel stents, have been widely
concerned due to their excellent biodegradability and remarkable bio-
compatibility [1–3]. It has been revealed that Mg-Ca alloy with 1.0 wt.
% Ca content (Mg-1.0Ca) shows promising mechanical properties and
biocompatibility in vitro and in vivo [4–6]. However, the corrosion rate
of this alloy is still too high to retard local gas accumulation and to
match the bone healing process. Therefore, there is an urgent need to
discover a bio-safe and feasible method to modify the corrosion beha-
viour of Mg-1.0Ca alloy for its practical application.
The use of protective surface films or coatings is one of the most
convenient methods to control the corrosion of metallic materials [7],
such as plasma electrolytic oxidation (PEO) coating [8–10], chemical
conversion coating [11–14], electroless plating [15] and organic
coating/film [16–19]. Considering the demands of practical applica-
tions for the biosafety and suitable degradation rate of Mg alloy, a pre-
formed protein adhesive film on Mg alloy surface would be a good
choice to modify the corrosion behaviour of Mg alloy and the biological
response to Mg surface, because protein adsorption on implant surface
is the first step when a material is implanted in human body, which
further induces the cell adhesion and surface biomineralization [20].
Compared with fibrin (one of the natural adhesive protein, non-toxic
but poor adhesive properties) [21], mussel adhesive proteins (MAPs),
derived from the marine mussel Mytilus edulis, have drawn much at-
tention due to its versatile, rapid and permanent adhesion and cohesion
properties [22,23]. Moreover, there is an increasing interest in the use
of MAPs as biomimetic adhesives for medical as well as dental appli-
cations [24–26]. Until now, six adhesive proteins have been isolated
and named by Mytilus edulis foot protein-1 (Mefp-1) to Mefp-6 [27].
Mefp-1 (108 kDa, pI= 10.5) is the firstly purified and best character-
ized one [28]. Moreover, it has been studied as a non-toxic corrosion
inhibitor on stainless steel and carton steel [29,30]. Additionally,
mussel aquaculture could be used to treat eutrophication water, there is
a surplus of mussels except for the demand of mussels as a food source.
Therefore, on the basis of the unique adhesive and anti-corrosion
properties it presenting and the environmental consideration, Mefp-1
will be a promising choice for an adhesive film preparation on Mg-
1.0Ca alloy.
Mefp-1 is primarily composed of repeating deca-peptide and hexa-
peptides, and contains a high percentage of hydroxylated amino acids:
DOPA (dihydroxyphenyl alanine), diHYP (dihydroxy proline) and HYP
(hydroxy proline) [27]. DOPA is recognized as a crucial functional role
in the adhesive and cohesive properties of Mefp-1 [31,32]. It enables
Mefp-1 to interact with various substrates through H-bonding,
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coordination bonds (via catechol group), or oxidative cross-linking
[32,33], which enable the mussel to adsorb on a broad variety of diff
;erent substrates, like glass, plastic and metal oxides [24,34].
The pH of the solution has a dual role in the adhesion versatility of
DOPA undermined by DOPA’s notorious susceptibility to oxidation
[35]. Raising pH is favourable for DOPA self-oxidation cross-linking
and the aggradation degree of Mefp-1 [36], which can enhance the
compactness of Mefp-1 film. However, the oxidation of DOPA may re-
duce the adhesion of Mefp-1 and the cross-linking of Mefp-1 further
leads to the attenuation in the thickness of Mefp-1 film [37,38]. Ex-
tensive research has been devoted to investigating the adhesion me-
chanism and anti-corrosion property of MAPs on different substrates
and the development of new mussel-inspired adhesives [22,39–41].
However, few studies have investigated the formation of Mefp-1 film on
Mg alloy substrates by self-adsorption.
The aim of this study is to investigate the anti-corrosion effect of the
pre-formed Mefp-1 film on Mg-1.0Ca alloy and the influence of pH.
Scanning electron microscopy (SEM), ex situ atomic force microscopy
(AFM) and infrared spectrometer (IR) were used to obtain detailed
morphological and compositional information of the protein films pre-
formed on Mg-1.0Ca alloy. in situ scanning micro-reference electrode
technique (SRET) and electrochemical impedance spectroscopy (EIS)
measurements were performed on Mg-1.0Ca alloy without and with the
pre-formed protein films in 0.9 wt.% NaCl solution after different time
intervals to investigate the anti-corrosion behaviour of the films.
2. Material and methods
2.1. Material and film preparation
Extruded Mg-1.0Ca alloy (1.06 wt.% Ca, provided by Engineering
College of Peking University and produced as the literature [42]) cut
into Φ 12mm×4mm disks was used as the substrate. The alloy spe-
cimens were embedded in epoxy resin with only one circular face (Φ
12mm) exposed as the working surface. For the electrochemical mea-
surements, the exposed specimen surface was successively wet ground
up to 1500 grit with SiC abrasive paper, and then ultrasonically cleaned
with ethanol. For the spectroscopic and SRET measurements, the spe-
cimens were further successively polished using 1.0 μm and 0.3 μm
Al2O3 powders, and then ultrasonically cleaned with ethanol.
Hydrogen is prone to release from Mg alloy during the film pre-
paration, which can seriously affect the adsorption of Mefp-1 on Mg
alloy substrate, and further decrease the corrosion inhibition of this film
to the corrosion of the alloy. To obtain a relatively stable surface and
ensure sufficient adsorption of the protein, the Mg alloy substrates were
pre-conditioned in a 20wt.% NaOH for one day to form a surface layer,
which was called the stabilisation process in the following text. The
stabilisation process was followed by rinsing with water and drying
with a gentle stream of nitrogen gas prior to use.
The Mefp-1 (supplied by Biopolyer Products AB, Gothenburg,
Sweden) used in this experiment was delivered in 1 wt.% citric acid
solution at a concentration of 25mg/mL. It was stored in the dark at
4 °C. The Mefp-1 solutions were prepared at a concentration of 1mg/mL
in 1 wt.% critic acid solution at pH 4.6 or 8.5 prior to use. The pH was
adjusted using a NaOH solution. 0.9 wt.% NaCl solution was prepared
using NaCl and distilled water, which was selected as the electrolyte for
corrosion tests since it is a normal saline solution for evaluating the
corrosion behaviour of biocompatible materials [43]. All the un-
specified measurements were carried out at room temperature
(25 ± 2 °C), and all the chemicals used were analytical grade.
In this study, the Mefp-1 films were pre-formed by directly immer-
sing the pre-stabilised substrates in 1mg/mL Mefp-1 solutions for 1 h.
After the protein self-adsorption process, the sample surface was gently
rinsed in deionized water and dried by a nitrogen jet.
2.2. Surface characterization after stabilisation
X-ray photoelectron spectroscopy (XPS) measurements were per-
formed by using electron spectrometer Quantum 2000 (VG) equipped
with an Al Kα (1486.6 eV) source to obtain the dominate composition
of the passive film on Mg-1.0Ca alloy. The base pressure of the analysis
chamber was ca. 10-8 Pa. The analysed area was around 200 μm × 200
μm. Calibration for the spectra was conducted by adjusting the C 1s
signal to 284.5 eV. For the deconvolution of the spectra, background
subtraction (linear) was performed, then the spectra were fitted with
Gaussian function to find the peak positions. The reference for element-
binding energy used is the NIST Standard Reference Database 20,
Version 3.5.
2.3. Surface characterization after the protein film formation
The morphologies of the passive surface layer and the pre-formed
protein films were analysed by utilizing a HITACHI S-4800 scanning
electron microscopy (SEM) at an acceleration voltage of 5 kV and a
CSPM-5500 AFM. The AFM probe used was a silicon tip with a nominal
spring constant of 40 N/m and a resonant frequency of 300 kHz. All
images were taken in tapping mode with a scanning frequency of 1 Hz
(the number of scanned rows per second). The surface roughness was
analysed by the CSPM Imager Analysis software. Ra is the arithmetic
average of the absolute values of the surface height deviations and it is
calculated as:
∑=
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Where Zj is the local Z value and N is the number of points.
2.4. Characterization of the protein films
IR analysis of the protein films on Mg-1.0Ca alloy was carried out
with a Nicolet-8700 FTIR apparatus, which is equipped with a liquid
nitrogen-cooled MCT-B detector. The spectra were obtained with
Omnic E.S.P Software at a resolution of 2 cm-1 using 1024 scans on Mg-
1.0Ca alloy. The resulting spectra were recorded in absorbance format.
Here, the spectrum of stabilised Mg-1.0Ca alloy surface was used as the
background.
2.5. in situ scanning micro-reference electrode technique (SRET)
measurements
in situ SRET measurements were performed by using a home-built
scanning tunnelling microscope (STM) assisted SRET system
(CSPM5500-XMU-BY), which has been described in detail in previous
publications [44,45]. It has been proven to be an efficient method to
monitor the localised corrosion of metals in solution [46]. A Pt/Ir
scanning microprobe (< 1 μm) sealed by Apiezon wax except the tip
was used to determine the surface potential difference with a micro-
reference electrode. The distance between the scanning probe and the
surface was set to be 50 μm with the aid of the STM mode. It took about
5min to scan an area of 4mm×4mm over the sample surface with a
scanning frequency of 0.4 Hz (the number of scanned rows per second).
After 6 h of immersion, the sample surface was cleaned with distilled
water and then examined by optical microscopy (OM).
2.6. Electrochemical measurements
An AUTOLAB instrument (ECO Chemie B.V., The Netherlands) was
used for the continuous electrochemical measurements of the samples
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with and without the protein films. All electrochemical measurements
were conducted in a standard three-electrode cell. The sample, a satu-
rated calomel electrode (SCE) and a platinum sheet were used as the
working electrode, reference electrode and counter electrode, respec-
tively. The EIS measurements were carried out after 1 h, 4 h, 1 day, 3
days and 7 days of immersion in 0.9 wt.% NaCl solution at the open
circuit potential (OCP) with a disturbing voltage amplitude of 10mV in
a frequency range of 100 kHz to 0.01 Hz (36 data points). The
ZSimpWin software was used to analyse the EIS data.
After 7 days of EIS measurements, potentiodynamic polarization
was performed at a scanning rate of 10mV/min in the range of -0.15 to
0.30 V vs. OCP. The corrosion current density (jcorr) was determined by
the General Purpose Electrochemical System (GPES) of the Autolab CRP
software according to the following equation:
= −J j ΔE b ΔE b{exp(2.3 / ) exp(2.3 / )}corr c a (3)
J is the current density, ΔE is the applied potential, jcorr indicates the
corrosion current density, ba and bc refer to the anodic and cathodic
Tafel slopes, respectively. All the electrochemical measurements were
carried out at room temperature with three replicates.
3. Results and discussion
3.1. Microstructure of Mg-1.0Ca alloy
The microstructure of Mg-1.0Ca alloy is presented in Fig. 1. SEM
image (Fig. 1a) reveals the fine recrystallised grains and the uniform
distribution of the bright phase along the grain boundary. According to
our previous study and the reported literature [47,48], the bright phase
is intermetallic Mg2Ca. Besides the dispersive and fine Mg2Ca along
grain boundaries, some coarse Mg2Ca particles are also visible in the
magnified image, as shown in Fig. 1b, which results in the coexistence
of α-Mg+Mg2Ca region.
3.2. Compositional characterization of the substrate
To characterize the compositional changes of Mg-1.0Ca surface after
the stabilisation process, XPS analysis was conducted for the samples.
The deconvoluted spectra of Mg 2p and O 1s core levels for the samples
are presented in Fig. 2. The Mg 2p spectrum (Fig. 2a) for the fresh
sample can be resolved into two spectra with peaks at 51.84 and
50.93 eV, which are assigned to MgCO3 and MgO, respectively [49].
The presence of carbonates may be ascribed to the exposure of the
sample to the air. Whereas, the Mg 2p spectrum of the passivated
sample (Fig. 2c) can be resolved into three peaks which are coordinated
with MgCO3 (51.8 eV), MgO (50.9 eV) and Mg(OH)2 (49.92 eV)
[49,50]. Moreover, the O 1s binding energy spectrum of the fresh
sample (Fig. 2b) also consists of two peaks at 531.66 eV and 533.07 eV,
which are related to the lattice oxygen and carbonate oxygen,
respectively [51]. The additional peak at 530.97 eV for the stabilised
sample (Fig. 2d) is likely associated with the surface hydroxyl [52].
Based on the peak areas, the ratio of surface Mg was calculated to be
2747 (MgO) and 891 (MgCO3) for the fresh sample, and 283 (MgO),
151 (MgCO3) and 3350 (Mg(OH)2) for the stabilised sample. The results
indicate that MgO is the major compound on the fresh Mg-1.0Ca sur-
face. Whereas, Mg ions dissolved from the matrix can react with hy-
droxyl in the electrolyte (NaOH solution), and form Mg(OH)2 on the
sample surface to inhibit the further dissolution of the Mg alloy to some
extent. Another possibility is the transformation of MgO to Mg(OH)2 on
the surface during the stabilisation. Therefore, on the stabilised alloy
surface, Mg(OH)2 is the dominant component of the surface layer.
3.3. Morphology of the pre-formed Mefp-1 films
The morphologies of pre-formed Mefp-1 films were investigated
with SEM, as shown in Fig. 3. Before the Mefp-1 adsorption, scratches
resulting from sample preparation process are still visible on the sta-
bilised substrate surface (Fig. 3a), and the surface layer consists of
densely packed particles. Whereas, after Mefp-1 films were pre-formed
on the Mg alloy in the protein solution at pH 4.6 (Figs. 3b and 3e) and
pH 8.5 (Figs. 3c and 3f), no polishing scratches could be observed, in-
dicating a high coverage of Mefp-1 in both low pH and high pH con-
ditions. However, some cracks are visible on the protein films (Figs. 3b
and 3c), which may be due to the dehydration of the protein films
during the drying process. Some holes exist in theMefp-1 film formed at
low pH, which are the voids formed between Mefp-1 aggregates
(Fig. 3b) due to the porous net structure of the protein film as revealed
in Fig. 3e. In contrast, at high pH, the pre-formedMefp-1 film consists of
densely packed Mefp-1 aggregates as displayed in Fig. 3f, and the film
structure is more uniform than that formed at low pH (Fig. 3b). The
results demonstrate thatMefp-1 forms a more uniform and compact film
on the Mg alloy substrate at high pH, which is in agreement with
previous studies on the carbon steel [53]. In addition, some large ag-
gregates also can be observed in both protein films (denoted by yellow
arrows in Figs. 3b and 3c), which is most likely due to the high con-
centration of Mefp-1 in the film preparation solution and the increased
pH near the alloy surface as a result of the dissolution of Mg alloy
during the film preparation.
Fig. 4a shows the AFM topographic image of stabilised Mg-1.0Ca
substrate, demonstrating that the substrate is covered by densely
packed particles in an average size of 150 nm (according to the AFM
sectional profiles in Fig. 4), which is in agreement with the result of
SEM (Fig. 3d). Fig. 4b and 4c display the AFM images of the Mefp-1
films adsorbed on Mg-1.0Ca alloy at pH 4.6 and 8.5, respectively. At pH
4.6 (Fig. 4b), the Mefp-1 film consists of particles in size of ca. 350 nm
as shown in the sectional analysis. It seems to be inconsistent with the
SEM result. The possible explanation is that the porous outmost layer of
the protein film is too soft to be mapped by AFM due to the deformation
Fig. 1. The SEM microstructure of Mg-1.0Ca alloy (a) and the coarse Mg2Ca phase (b).
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Fig. 2. Mg 2p (a) and O 1s (b) XPS deconvoluted spectra for the Mg-1.0Ca alloy sample before passivation, and Mg 2p (c) and O 1s (d) spectra of the sample after
passivation.
Fig. 3. SEM images of Mg-1.0Ca surface without (a, d), and with theMefp-1 film prepared at pH 4.6 (b, e) and 8.5 (c, f).
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effect of the AFM tip, as the topographic image appears as a blur in
Fig. 4b. In contrast, at pH 8.5 (Fig. 4c), the protein film appears to be
closely packed with small Mefp-1 aggregates in size of ca. 150 nm,
which is similar to the SEM result. The different morphologies ofMefp-1
films formed at different pH may result from the different pH near the
alloy surface and the different dissolution situations of the alloy in film
preparation solution [54,55].
The statistic evaluation of the surface roughness of the images in
Fig. 4 is provided in Table 1. The data revealed that the film prepara-
tion process increased the surface roughness, and the surface film
prepared at low pH was rougher than that formed at high pH. The in-
crease of the surface roughness could be due to both the adsorption of
the Mefp-1 and the corrosion of the substrate during the film prepara-
tion. At high pH, the formed protein film is more homogeneous than
that formed at low pH [53,56], and the corrosion of the substrate is
more severe in lower pH electrolyte. Thus, it is reasonable that the
roughness of the protein film pre-formed at pH 8.5 is lower than that
pre-formed at pH 4.6. However, although the surface topography has
obviously changed after the protein adsorption, the direct evidence of
the existence of the Mefp-1 on the substrate is still inadequate, which
motivates the below studies.
3.4. IR analysis of the protein films on Mg-1.0Ca alloy
Fig. 5 presents the IR spectra of the Mefp-1 films pre-formed at pH
4.6 and 8.5 on Mg alloy in the wavenumber range from 2000 cm-1 to
1000 cm-1. A comparison sample was prepared by dripping 1mg/mL
Mefp-1 solution on the alloy surface and dried with nitrogen blowing
within 30 s, which was marked as Mefp-1_Control in Fig. 5. The spectra
in Fig. 5 exhibit several obvious Mefp-1 vibration bands: 1582 cm-1,
1399 cm-1, 1261 cm-1, 1153 cm-1 and 1083 cm-1, which can be assigned
to vibrations of the protein backbone and of the DOPA side chain. The
spectrum of the pre-formed Mefp-1 film at pH 4.6 was similar to that of
the film pre-formed at pH 8.5. Based on the earlier IR measurements of
Mefp-1 and Mefp-1-based films in literature [38,53,57,58], the strong
and broad band at around 1582 cm-1 is associated with peptide bond
vibrating of the backbone. The band at around 1399 cm-1 is assigned to
the aryl vibrating, while the band at 1261 cm-1 is attributed to C–O
stretching of hydroxyl groups of DOPA. The band at around 1153 cm-1
is caused by the CH2 shaking. The IR peak at 1083 cm-1 is assigned to
the combination of the C–O stretching of backbone and the vibration of
the carbon backbone.
It should be noted that there is a strong band at around 1630 cm-1
on the control samples prepared both at pH 4.6 and 8.5. It has been
confirmed that the amide bands and carbonyl bands appear in the
1532−1747 cm-1 region. Moreover, the shift of the peak is closely re-
lated to the secondary structure of the protein which is primarily caused
by the H-bonding [57]. Therefore, the prominent bands at around
1630 cm-1 can be assigned to the β sheets of protein or the adsorbed
water on the surface [38,59], which also exists as a shoulder in the
spectrum of Mefp-1 film pre-formed at pH 8.5 with another shoulder of
the band at 1484 cm-1 (indicated by the arrow in Fig. 5b). The shoulder
at 1484 cm-1 arises from the symmetrical coordination of catechol of
the DOPA resides to Mg hydroxide or oxides [30]. Whereas, these two
shoulders were unrecognizable in the spectrum of Mefp-1 film prepared
at pH 4.6. This may be due to the overlap of the adjacent peak and the
low adsorbed content of Mefp-1 on Mg alloy at this pH [58,60].
3.5. The localised corrosion measurements
To investigate the inhibition effect of the Mefp-1 films on the loca-
lised corrosion of Mg alloy, the potential distributions above the surface
were followed by SRET measurements for the Mg alloy surface. In these
3D images presented in Figs. 6, 7 and 8, the Z scale was reverted and the
Z-range was set to accommodate the potential difference in order to
highlight the localised corrosion. Thus, since the detected potential is
from the potential distribution in testing solution, the potential peak/
valley (negative/positive potential) were associated with the activity of
local cathode/anode on the sample surface, which is galvanically cou-
pled with anodic/cathodic activity over the Mg alloy surface
[47,61,62]. Therefore, the higher the potential peak is, the stronger the
intensity of localised corrosion would be.
Fig. 6 presents the surface potential difference of Mg-1.0Ca alloy
without the protein film as a comparison. These negative potential
Fig. 4. AFM topographic images and corresponding section analysis of Mg-1.0Ca alloy substrates without Mefp-1 film (a), and with the Mefp-1 film formed at pH 4.6
(b) and pH 8.5 (c).
Table 1
Surface roughness data (1024 pixels× 1024 pixels) of images in Fig. 4.
Ra (nm) Rq (nm)
Bare substrate 24.3 30.5
With pre-formed Mefp-1 film at pH 4.6 54.4 69.9
With pre-formed Mefp-1 film at pH 8.5 39.9 50.6
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peaks were indications of the local cathodic H2 evolution and the gal-
vanic-coupled local anodic dissolution on Mg-1.0Ca alloy (as shown in
the inserted image in Fig. 9), which were continuously presented during
the testing time and their intensities were enhanced as a function of
exposure time. It is in agreement with our previous report, in which the
development of the localised corrosion for Mg-1.0Ca alloy was studied
in detail [47].
In the case of the sample with pre-formed Mefp-1 film at pH 4.6, the
SRET potential images during 6 h of exposure are depicted in Fig. 7.
During 10min of initial immersion, many active corrosion spots with
strong potential intensity were observed on the surface as shown in
Fig. 7a. The intensity of these spots gradually reduced within 4 h of
exposure, indicating that the activity of localised corrosion of the alloy
was attenuated with the exposure time. Moreover, the further sig-
nificant decrease of the potential intensity was observed after 6 h of
exposure, suggesting that the protein film pre-formed at pH 4.6 pro-
vides a pretty good resistance for the localised corrosion of Mg-1.0Ca
alloy in 0.9 wt.% NaCl solution. The reasons for this may be related to
the self-healing properties of Mefp-1 film [63] and/or the cooperative
effect of Mefp-1 and corrosion products.
Fig. 8 displays the 3D potential images of the Mg alloy with a pre-
formed protein film at pH 8.5 during 6 h of exposure. During the initial
immersion time (Fig. 8a), many potential peaks distribute over the
whole scanning area with high activity, indicating a strong intensity of
localised corrosion. After exposure for half an hour (Fig. 8b), most of
the negative potential peaks disappeared but several peaks still re-
mained active on the surface. It indicates the effective inhibition of the
Mefp-1 film to the localised corrosion of Mg-1.0Ca alloy, which gives a
similar result to the pre-formed film at pH 4.6. Subsequent measure-
ments showed a consistently declined intensity of active spots within
6 h of exposure. Therefore, the pre-formed Mefp-1 film at pH 8.5 was
also proved to afford effective protection for the localised corrosion of
Mg-1.0Ca alloy.
Furthermore, the sample surfaces before and after the immersion
were determined by optical microscopy, as shown in Fig. 9. Before the
immersion, a darkish phase could be visible in the alloy, which has been
proven to be the Mg2Ca phase [47]. After the adsorption of Mefp-1 on
the alloy at different pH, a film could be observed on the surface despite
some defects as indicated by the yellow arrows in Fig. 9c and 9d. The
surface morphologies after the immersion exhibited a large difference
between the sample with and without the Mefp-1 film. The significant
localised corrosion was examined for the control at the position in-
dicated by the active corrosion spots in Fig. 9b, the centre of the active
corrosion spots could be identified as corrosion pits (shown in the
Fig. 5. IR spectra of the Mefp-1 absorbed on Mg-1.0Ca alloy at pH 4.6 (a) and 8.5 (b).
Fig. 6. Sequential SRET potential images (4 mm×4mm) on the surface of Mg-1.0Ca alloy without the Mefp-1 film but with an induced scratch in 0.9 wt.% NaCl
solution at OCP, obtained after 10min (a), 1 h (b), 2 h (c), 3 h (d), 4 h (e) and 6 h (f) of exposure. The measurement solution was refreshed at 4 h of exposure.
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inserted SEM image), which is caused by the dissolution of Mg2Ca phase
[47]. It agrees with the dissolution of Mg2Ca as a local anode in the
reported literature [48]. However, only the local cathodic potential
signals were detected from SRET, which is caused by the resolution
limits of SRET, the small size of Mg2Ca and the ratio of the large
cathode-small anode during immersion, which has been discussed in
our previous study [47]. In the cases of samples with the Mefp-1 film,
although the localised corrosion still could be detected, the number of
active spots decreased and the surface seemed to be more homogenous,
especially for the sample with Mefp-1 film pre-formed at pH 4.6. This is
in accordance with the above SRET results.
3.6. Electrochemical tests
The OCP curves of Mg-1.0Ca alloy with and without the protein
films in 0.9 wt.% NaCl were recorded for 1800 s to disclose the varia-
tion of electrode potential with the immersion time, as shown in
Fig. 10. The OCP of Mg-1.0Ca alloy without the protein film dramati-
cally increased to around -1.74 mV within the initial 300 s of exposure,
then the increasing speed slowed down during the subsequent ex-
posure, which is attributed to the formation of corrosion products on
the surface during immersion. In contrast, the OCP of the alloy with the
pre-formed Mefp-1 film decreased at the initial immersion, which is
probably caused by the activation of the film surface and the dissolution
of the substrate material [64]. It is in agreement with the detected
Fig. 7. Sequential SRET potential images (4 mm×4mm) on the surface of Mg-1.0Ca alloy with the Mefp-1 film pre-formed at pH 4.6 and an artificial scratch in 0.9
wt.% NaCl solution at OCP, obtained after 10min (a), 1 h (b), 2 h (c), 3 h (d), 4 h (e) and 6 h (f) of exposure. The measurement solution was replaced by a fresh 0.9 wt.
% NaCl solution at 4 h of exposure.
Fig. 8. Sequential SRET potential images (4 mm×4mm) on the surface of Mg-1.0Ca alloy with the Mefp-1 film pre-formed at pH 8.5 and anartificial scratch in 0.9
wt.% NaCl solution at OCP, obtained after 10min (a), 1 h (b), 2 h (c), 3 h (d), 4 h (e) and 6 h (f) of exposure. The measurement solution was replaced by a fresh 0.9 wt.
% NaCl solution at 4 h of exposure.
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higher activity of localised corrosion during the initial immersion time
for samples with pre-formed protein films (Figs. 7 and 8). Subsequently,
the OCP rapidly increased within 600 s of exposure for the sample with
protein film pre-formed at pH 4.6, indicating the formation of corrosion
products and their combination with proteins [65]. After 800 s of ex-
posure, it reached a plateau at approximate -1.67mV, suggesting the
establishment of a dynamic equilibrium between the substrate dis-
solution and the formation of products on the surface. A similar trend
could be observed for the OCP curve of the alloy with the protein film
pre-prepared at pH 8.5 during the initial immersion (about 500 s), but it
dropped to a same level as that of the control sample in the following
exposure. This decline at around 500 s of exposure most likely results
from the partial breakdown or peeling off of the Mefp-1 film on the
sample surface [66,67].
Fig. 11 shows the consecutive EIS spectra of Mg-1.0Ca alloy with
and without the Mefp-1 film after different immersion time. The EIS
spectra mainly showed two semicircles in Nyquist plots and two time
constants feature in Bode plots: a capacitive loop at the high-frequency
region and another one at the middle-frequency area. For some spectra,
a weak inductive characteristic was visible, especially for the alloy
without protein film, which may be related to the intermediate active
species and/or the state of the surface film [68]. In general, the dia-
meter of these two capacitive loops increased and the inductive char-
acteristics disappeared for all the samples as the immersion time pro-
longed. This tendency was more significant for the alloy with Mefp-1
film pre-formed at pH 4.6, suggesting the stable evolution of surface
film during the immersion.
An equivalent circuit in Fig. 12 was used for the spectra fitting,
which has been successfully used for Mg alloys [69,70]. The weak in-
ductive component in some spectra was not taken into consideration to
Fig. 9. Optical images of Mg-1.0Ca alloy with and without Mefp-1 film before and after 6 h of immersion in 0.9% NaCl solution. The arrows indicates the active
corrosion spots in the alloys as reflected by the SRET results in Figs. 6–8. (The inserted SEM image shows the morphology of a typical corrosion active spot).
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simplify the fitting process. Herein, Rs is the solution resistance between
the reference electrode and the working electrode, Rf and CPEf corre-
spond to the resistance and the capacitance components of the surface
layer, Rct and CPEdl represent the charge transfer resistance and the
capacitance components of the electrical double layer [71], respec-
tively. The surface layer mainly refers to the Mg oxide and hydroxide
film for the control sample, and the protein/corrosion product film for
the pre-filmed sample. The CPE, defined by Y0 and n, is normally used
to replace the ideal capacitance due to the dispersion effects caused by
the roughness and heterogeneity of the sample surface. Y0 is propor-
tional to the capacitance of pure capacitive electrodes, and n is the
exponential factor, indicating the deviation degree of the capacitance
from the ideal condition [72].
The quantitative results of the EIS fitting are provided in Table. 2.
The data presented the mean values from three parallel measurements
with the standard deviation, suggesting the reproducibility of the
measurements. For the control samples, both Rf and Rct slightly in-
creased with the immersion time. This increase of resistance is mainly
ascribed to the formation and growth of the corrosion products on
sample surface [73]. Whereas, in the case of the sample with the Mefp-1
film formed at pH 4.6, the resistance significantly increased over the
immersion time, especially after 1 day of immersion, revealing the
formation of a more resistant layer on the sample surface to prevent the
Mg alloy dissolution. It demonstrates that the Mefp-1 film pre-formed at
pH 4.6 can enhance the resistance of surface layers to Mg dissolution
during the exposure. However, samples with theMefp-1 film pre-formed
at pH 8.5 showed comparable resistance values to the control sample,
which is likely ascribed to the state of the Mefp-1 film, such as, com-
pactness, thickness, integrity of the film, adhesion strength of the
Fig. 10. OCP variations of Mg-1.0Ca alloy without (Control) and with theMefp-
1 films formed at pH=4.6 or 8.5 during initial 1800s exposure in 0.9 wt.%
NaCl solution.
Fig. 11. Nyquist and Bode plots of the Mg-1.0Ca alloy without theMefp-1 film (a, b), with theMefp-1 film formed at pH 4.6 (c, d), and with theMefp-1 film formed at
pH 8.5 (e, f), exposure in 0.9 wt.% NaCl solution up to 7 days. (The solid lines indicate the fitted curves according to the equivalent circuit in Fig. 12).
Fig. 12. Equivalent circuit used for EIS data fitting.
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protein layer, etc. The EIS results obviously demonstrate that theMefp-1
film pre-formed at pH 4.6 provides a better corrosion inhibition than
that formed at pH 8.5 for Mg-1.0Ca alloy in the NaCl solution for a
relatively long-term exposure, which is in good consistence with the
OCP results.
The Mefp-1 film pre-formed at pH 4.6 showed relatively low in-
hibition for the corrosion of Mg alloy during the initial immersion.
However, this inhibition effect significantly enhanced after 1 day of
exposure. Moreover, at the initial stage of the exposure, samples with
the Mefp-1 film pre-formed show a higher Ydl value than the bare
samples, and it decreases steadily with the exposure time. According to
the reported literature [72,74], a higher Ydl value of sample indicates a
more porous surface film and serious pitting corrosion of the alloy.
Thus, it suggests the adsorbed porous protein film during the initial
period of exposure. Nevertheless, this protein film becomes more and
more compact with the immersion time, accompanied by the formation
of corrosion products on the surface, which could be one of the possible
reasons for the inhibited localised corrosion of the Mg alloy observed by
SRET. Since the Mefp-1 film was prepared before exposure, this long-
term enhancement of corrosion protection indicates the synergistic ef-
fect between the protein film and the corrosion products. Further stu-
dies should be conducted to illustrate the details about this synergistic
effect for Mg degradation.
Fig. 13 presents polarization curves for the samples in 0.9 wt.%
NaCl solution, obtained after 7 days of exposure in the absence and in
the presence of the Mefp-1 film. Comparing with the control, the Mefp-1
film led to a slight shift of the corrosion potential of Mg-1.0Ca to the
positive direction, and the slightly lower anodic polarization curves
could be observed for Mg-1.0Ca alloy with the Mefp-1 film, indicating
the slower anodic dissolution of Mg attributed to the protein film.
However, the insignificant difference for the film breakdown points was
determined for the alloy with and without the Mefp-1 film, indicating
the weak passivation of the Mefp-1 film for the alloy’s dissolution. It is
determined by the nature of protein films, which is still permeable for
ions and not robust enough. The fitted results (Table 3) showed a lower
corrosion current density (jcorr) for the alloy with the Mefp-1 film pre-
formed at pH 4.6, but a comparable jcorr for that with the film pre-
formed at pH 8.5 to the control. This is consistent with the EIS results
obtained after 7 days of exposure. Moreover, the corrosion potentials of
the sample with Mefp-1 film were more positive than that of the control
sample.
3.7. The formation of Mefp-1 film and its corrosion inhibition
The formation of the Mefp-1 film on the alloy surface is mainly at-
tributed to the strong adhesive ability of Mefp-1 which contains a high
percentage of DOPA (dihydroxyphenyl alanine) residue. DOPA plays a
crucial functional role in the adhesive and cohesive properties ofMefp-1
[32,75–77]. Mefp-1 can adsorb on the metallic surface via the metal-
catechol coordination bonds between DOPA and metal ion or oxides
[33] and the hydrogen bonds between the catechol of DOPA and the
surface [77]. Additionally, oxidation of DOPA leads to the formation of
DOPA-quinone (benzoquinone). The high reactivity of DOPA-quinone
provides the opportunity for the cross-linking reactions of Mefp-1. On
Table 2
Data obtained from spectra fitting of the EIS results.
CPEf CPEdl
Time Rs (Ω·cm2) Rf (Ω·cm2) Y(10-5 F·cm-2·sn-1) n Rct (Ω·cm2) Y(10-3 F·cm-2·sn-1) n
Control
1 h 24 ± 3 1185 ± 178 1.88 ± 0.23 0.91 593 ± 163 1.75 ± 0.18 0.85
4 h 26 ± 4 1389 ± 10 1.77 ± 0.14 0.91 676 ± 11 1.58 ± 0.02 0.83
1 day 32 ± 5 1600 ± 232 3.57 ± 0.67 0.88 669 ± 9 2.30 ± 0.35 0.90
3 day 31 ± 4 1594 ± 82 3.77 ± 1.15 0.85 981 ± 35 1.72 ± 0.01 0.82
7 day 36 ± 3 1780 ± 102 2.43 ± 0.12 0.88 1259 ± 6 1.28 ± 0.24 0.75
Mefp-1 film pre-formed at pH 4.6
1 h 32 ± 9 1268 ± 259 2.48 ± 0.48 0.89 657 ± 85 3.05 ± 0.60 0.81
4 h 34 ± 11 1716 ± 261 2.60 ± 0.36 0.89 854 ± 159 2.55 ± 0.19 0.84
1 day 52 ± 15 1993 ± 298 2.67 ± 0.46 0.90 1022 ± 140 1.66 ± 0.12 0.80
3 day 29 ± 7 2568 ± 227 1.83 ± 0.41 0.89 1636 ± 211 0.95 ± 0.22 0.75
7 day 41 ± 3 3975 ± 129 2.04 ± 0.16 0.86 2047 ± 116 0.55 ± 0.04 0.74
Mefp-1 film pre-formed at pH 8.5
1 h 23 ± 1 991 ± 124 2.41 ± 0.14 0.90 480 ± 40 3.14 ± 0.21 0.94
4 h 23 ± 1 1270 ± 12 2.67 ± 0.04 0.91 644 ± 55 3.37 ± 0.41 0.84
1 day 21 ± 0 1552 ± 23 5.46 ± 0.81 0.83 478 ± 75 5.48 ± 1.18 0.55
3 day 22 ± 1 1504 ± 32 2.65 ± 0.10 0.89 932 ± 10 2.07 ± 0.05 0.82
7 day 25 ± 1 1665 ± 6 2.08 ± 0.04 0.90 1088 ± 47 1.77 ± 0.11 0.84
Fig. 13. Tafel polarization curves of Mg-1.0Ca alloy without and with Mefp-1
film after 7 days exposure in physiological saline solution.
Table 3
Data calculated from the polarization curves.
Ecorr vs. SCE (V) bc ba Rp (Ω cm2) j (μA/cm2)
Control −1.70 −0.53 2.83 3559 55.49
Mefp-1 pH 4.6 −1.66 −0.30 3.56 6083 18.64
Mefp-1 pH 8.5 −1.65 −0.36 2.08 3298 42.48
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the one hand, DOPA-quinone can link with other chemical groups via
the reaction of the aromatic ring with nucleophiles [78]. On the other
hand, the auto-oxidation of DOPA-quinone with adjacent DOPA can
yield the free-radical-containing species, two of them can cross-link
through the coupling of the aromatic rings. Thus, this can result in the
formation of Mefp-1 film (polymerization of the proteins) on the surface
[32,79]. The thickness of the protein films was roughly evaluated<
500 nm (data are not shown), which is accordant with our previous
reports on steel surface [80] and pure Mg surface [41].
It is clear that the adhesion and cohesion properties of the Mefp-1
film are largely determined by the oxidation rate and the auto-oxidation
rate (the states of DOPA). Too fast oxidation rate leads to inefficient
cross-linking and interfacial adhesion failure due to the quick exhaus-
tion of the DOPA [75]. Whereas, fast auto-oxidation rate can induce
good molecule cross-linking and increase the cohesion property of the
Mefp-1 film, but at the expense of adhesion property. Herein, pH is used
to optimize the performance of Mefp-1 film, since pH has a large in-
fluence on the aggregation degree of Mefp-1 via DOPA-DOPA cross-
linking [36]. As pH increases, the aggregation rate of Mefp-1 increases,
which determines the adsorption amount of Mefp-1 on the surface. It
agrees with the SEM observation that a porous net-like Mefp-1 film was
formed at pH 4.6, while at pH 8.5 Mefp-1 film was composed of densely
packed aggregates (Fig. 3). However, at high pH, the affinity between
the adsorption layer (aggregates-aggregates) appears to be much
smaller than the affinity of the first layer for the surface (protein-sur-
face) [36], combined with the different thickness of protein layer at
different pH [53], which could be the reasons for the weaker resistance
of Mefp-1 film formed at pH 8.5 after long-term immersion.
The prepared Mefp-1 films, irrespective of pH used, exhibit good
inhibition to the localised corrosion of Mg-1.0Ca alloy (Figs. 6–8). The
localised corrosion of Mg-1.0Ca alloy is different from other Mg alloys
[69,81] due to the more negative Volta potential of Mg2Ca phase than
the Mg matrix, indicating the dissolution of Mg2Ca as a local anode in
the galvanic corrosion between Mg2Ca and Mg matrix. The pitting at
the position of Mg2Ca after the immersion could be observed from the
SEM image (inserted image in Fig. 9), which is in agreement with the
reported results about the corrosion of Mg-Ca alloy [43,82,83]. More-
over, as we previously studied [47], the pitting expands inwards the
bulk substrate as the immersion time prolonged. It should be noted that
only negative local potentials were detected from the SRET measure-
ment, indicating the local cathodic hydrogen evolution at these posi-
tions. This is mainly caused by the limitation of SRET resolution, the
small Mg2Ca particle and the ratio of the large cathode-small anode,
which has been discussed in [47]. Furthermore, the dissolution of
Mg2Ca releases Mg2+ and Ca2+, which further affect the film perfor-
mance on Mg alloy [82]. These released ions can promote the com-
plexation between Mefp-1 and ions/products, which is believed to en-
hance the anti-corrosion property of the film during the immersion
[30], thereby leading to the decreased localised corrosion of the alloy
(Figs. 7 and 8) and the increased resistance to corrosion of the sample
(Fig. 11). A schematic illustration for the film formation and its cor-
rosion inhibition mechanism is depicted in Fig. 14. It needs to be
mentioned that, compared with the effect of proteins or organic mo-
lecules on Mg corrosion in testing solution [84,85], the pre-formed
Mefp-1 film in this study provides a higher inhibition to the corrosion of
Mg alloy, and also gives an opportunity to the further development of
multifunctional Mg alloy surface, for example antibacterial surface
[86].
4. Conclusions
In this study, the formation and corrosion protection of Mefp-1 films
on Mg-1.0Ca alloy surface at pH 4.6 and 8.5 were investigated by SEM,
AFM, IR, SRET and electrochemical measurements. The following
conclusions can be drawn: Mefp-1 can adsorb and form a high coverage
film on the Mg alloy surface. The formed Mefp-1 film at higher pH (8.5)
is composed of compactly packed Mefp-1 aggregates, but a net-like
protein structure is formed at a lower pH (4.6). This film can effectively
inhibit the localised corrosion of Mg-1.0Ca alloy in the NaCl solution
irrespective of solution pH used during film preparation. Furthermore,
the film formed at pH 4.6 provides increased corrosion resistance for
Mg-1.0Ca alloy with the exposure time due to a synergistic effect be-
tween proteins and corrosion products in 0.9 wt.% NaCl solution.
Whereas, almost no enhancement of the corrosion resistance is de-
termined for the film formed at pH 8.5 on Mg-1.0Ca alloy, possibly
related to the state of this layer (integrity, thickness etc.) during im-
mersion.
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